Introduction
Bladder cancer has become a common cancer worldwide and ranks as the ninth most frequently diagnosed cancer. In 2012, approximately 430000 new cases of bladder cancer were diagnosed. 1 Cigarette smoking, specific exposure to arylamine, and chronic schistosoma infection are the most associated factors with increased risk for bladder cancer. 2 In recent years, diabetes mellitus (DM) has been reported to increase the risk of bladder cancer. 3, 4 Meanwhile, pioglitazone, an antidiabetic agent of the thiazolidinedione (TZD) class, which is broadly used for glycemic control in patients with type 2 diabetes mellitus (T2DM), has been reported to increase the risk of bladder cancer as well. At first, the risk was reported in male rats, 5 then, a series of clinical studies was performed to identify this relationship. However, the conclusions of published observational clinical studies remain confusing. [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] This may result from problems associated with study design, limited sample size, and a lack of attention to potential biases. In 2016, one randomized controlled trial (RCT) (PROactive) ended its 10-year observational follow-up drawing a conclusion that the imbalance in bladder cancer cases observed during the double-blind period did not persist, and there was no overall increase in malignancies. 26 But only one RCT result could not end the argument. In 2017, another RCT (TOSCA.IT) also reported null association between pioglitazone and bladder cancer, but the number of bladder cancer cases in this RCT was only 16, which may not be convincing. 27 A large cohort study including 193099 people by Lewis et al also reported no statistically significant increased risk of bladder cancer associated with pioglitazone use. 8 However, the updated US Food and Drug Administration review in 2016 concluded that use of T2DM medicine pioglitazone may be linked to an increased risk of bladder cancer, 28 which conflicted with the newly updated RCT results by Erdmann et al, 26 Vaccaro et al, 27 and cohort study by Lewis et al. 8 In the most recently updated meta-analysis conducted by Davidson and Pan, 29 they suggested the resurrection of the use of pioglitazone, but failed to perform sensitivity analysis and simply pooled observational studies together without excluding the duplicate population and low-quality studies (Table S1) . 16, 17, [20] [21] [22] In another recent meta-analysis by Filipova et al, 30 they failed to give any details about quality assessment and simply pooled RCT and observational studies together without excluding the duplicate population and low-quality studies. They did not perform subgroup analysis either, though his result showed significant heterogeneity. Other meta-analyses are not convincing mainly because inadequate evidence acquisition, poor methodology, and lack of appropriate quality assessment. Consequently, despite a number of observational studies and previous reviews, 29, [31] [32] [33] whether pioglitazone increases the risk of bladder cancer or not still remains an enigma. We conducted a systematic review and meta-analysis of all eligible RCTs, cohort studies, and nested case-control studies about pioglitazone use in patients with diabetes and bladder cancer in order to identify a more precise and reliable relationship between pioglitazone and risk of bladder cancer. Furthermore, we also examined whether the association between them converts according to sensitivity analysis.
Materials and methods

Publication search
This meta-analysis was performed according to the Preferred Reporting Items for Systematic Reviews and Meta-analyses (PRISMA) guidelines. 34 We carried out a search in PubMed, EMBASE, Scopus, Web of Science, Cochrane register, and Chinese National Knowledge Infrastructure databases, covering all the eligible papers published up to January 24, 2018. The search strategy included terms for outcome (bladder neoplasm* or bladder cancer* or bladder tumor* or bladder tumour*) and exposure (pioglitazone* or TZD* or thiazolidinedione*). We carefully evaluated every potentially relevant publication by examining their titles and abstracts.
All the studies matching the inclusion criteria were retrieved. The references from retrieved articles and reviews were also thoroughly checked to identify any additional relevant studies. All analyses were based on previous published studies, thus no ethical approval and patient consent are required.
Inclusion criteria
Studies included in this meta-analysis had to meet all the following criteria: a) an RCT design or a cohort design or a nested case-control design; b) the population included in studies were patients with diabetes; c) one of the exposures of interest was pioglitazone; d) one of the outcomes of interest was incidence of bladder cancer and the result is recorded in a reliable database or using ICD codes of cancer; e) studies provided rate ratio, hazard ratio (HR) or standardized incidence ratio (SIR) with their 95% confidence intervals (CIs), or sufficient data to calculate them; and f) they were of high quality according to the Newcastle-Ottawa scale (NOS) (more than 6) 35 or were assessed to have low risk of bias, using the recommended tool in the Cochrane Handbook for Systematic Reviews of Interventions. 36 Research on mortality rates of bladder cancer was not included because it could be unpredictably confounded by survival-related factors. We also did not consider studies in which the population included healthy people because diabetes was also considered to increase the risk of bladder cancer. If multiple publications from the same study population were available, the most recent and detailed study was entitled to be included in this meta-analysis.
Data extraction
Two authors extracted data independently by using a predefined data collection form, with disagreements being resolved by consensus. For each study, the following characteristics were collected: first author's name, year of publication, the country in which the study was carried out, participant characteristics (age and sex), study design, study population, range for follow-up, number of events and non-event subjects exposed to pioglitazone and comparison, medication use in comparison group, estimate effects with their 95% CIs and covariates adjusted for in the analysis. From each of the studies, we optionally excerpted the relative risk estimate that was adjusted for the greatest number of potential confounders. In dose effect analysis, we defined low dose as ≤8268 mg or ≤10500 mg or ≤14000 mg; moderate dose as 10501-28000 mg or 14001-40000 mg; high dose as >28000 mg or >40000 mg.
Quality assessment of searched papers was also undertaken independently by two authors according to the NOS for 
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Pioglitazone use in patients with diabetes and risk of bladder cancer observational studies, and Cochrane Tool Review Manager 5.3 for RCTs. The disagreements between authors were resolved by discussion and consensus.
Statistical methods
Studies that reported various measures of RR were included in this meta-analysis: rate ratio, HR, and SIR. In practice, these three measures of effect yield similar estimates of RR because the absolute risk of bladder cancer in patients with diabetes is low.
Overall RR estimates with their corresponding 95% CIs were calculated with the DerSimonian and Laird 37 random effects models, which consider both within-study and between-study variation. Heterogeneity among studies was measured by Q test and quantified by I 2 with higher value indicating a greater degree of heterogeneity. Random effects model was chosen to analyze the data. 38 Publication bias was assessed using Begg's test 39 (rank correlation method) and Egger's test (linear regression method).
40 P<0.05 was considered to be representative of a significant statistical publication bias. Dose effect analysis of pioglitazone was conducted if data were sufficient. Sensitivity analyses were also performed to assess the stability of obtained results with a single study deleted each time to manifest the influence of the individual dataset to the pooled RR. All of the statistical analyses were performed with STATA 14.0 (StataCorp LP, College Station, TX, USA), using two-sided P-values.
Results
Literature search
Figure 1 outlines our study selection process. Briefly, after removing duplicates, the search strategy generated 561 articles. Of these, the majority was excluded after the first screening based on abstracts or titles, mainly because they were reviews, basic research, case-control studies, or obviously not relevant to our analysis. After full-text review of 21 papers, 14 studies were excluded for the following reasons: low NOS quality score; 17 Table S1 ). 23 We also identified five publications through checking reference lists of retrieved studies and reviews. Thus, a total of 12 cohort studies or nested case-control studies, [7] [8] [9] [10] [12] [13] [14] [15] 19, [23] [24] [25] which met the inclusion criteria, were included in the meta-analysis. Two RCT studies 26, 27 were also identified in this process and were systematically reviewed.
Publications identified through database searching (n=674)
Publications after duplicates removed (n=561)
Full text identified and screened for potentially relevant publications (n=21)
Publications identified through checking reference list of retrieved studies and reviews (n=5)
Publications included in this meta-analysis (n=12)
Publications excluded after screening titles and/or abstracts generally because they were reviews, basic researches or obviously irrelevant to our study (n=540)
Publications excluded because: low NOS quality score (n=5) Outcomes were not bladder cancer (n=2)
Use rosiglitazone or non-DM patient as reference group (n=3) Duplicate population (n=2) Without reference group (n=1) Obviously abnormal data (n=1) 
Data obtained from RCTs
Two RCT studies, PROactive 26 and TOSCA.IT, 27 which reported bladder cancer cases in patients with diabetes, were eligible for this study. As it is meaningless to perform a metaanalysis for two studies, we systematically reviewed them. Characteristics including population, interventions, years of follow-up, and number of cases are shown in Table S2 . Risk of bias assessment of the studies is demonstrated in Figure S1 .
The PROactive study was performed in patients with T2DM who were aged 35-75 years. Among a total of 5238 patients who were enrolled in the PROactive study, 2605 patients were randomized to the pioglitazone group and 27 bladder cancer cases were identified finally after doubleblind period +10-year observational follow-up. Meanwhile, 26 cases were reported in the placebo group which consisted of 2633 T2DM patients who took placebo. The authors found no significant association between pioglitazone and bladder cancer with RR and 95% CI 1.05 (0.61-1.79). The other study, TOSCA.IT, was a multicenter prospective, randomized, open label, blinded end point designed. The authors reported eight cases in metformin + pioglitazone (n=1535) and metformin + sulfonylurea group (n=1493). Similar to the PROactive study, no significant relationship was detected. Both studies were assessed to have a low risk of bias ( Figure S1 ).
Data obtained from observational studies Study characteristics
The characteristics of the 12 observational studies are presented in Table 1 . Of these, eight 6, 8, 10, 12, 14, 15, 19, 25 were cohort studies and four 7,9,13,24 were nested case-control studies. The studies were conducted in the following regions: Europe (n=5), 10, [13] [14] [15] 19 Asia (n=4), 6, 7, 9, 24 and USA (n=3). 8, 12, 25 The study population in 12 studies consisted of both sexes. All included studies were published between 2012 and 2018. The cohort ranged in size from 878 24 to 1.01 million. 19 Medication use in comparison group was either "never used any TZD" 13, 24 or "never used pioglitazone" [6] [7] [8] [9] [10] 12, 14, 15, 19 or "use of sulfonylureas". 25 Adjustments were made for potential confounders of more than two factors in all studies.
Pioglitazone use and risk of bladder cancer
The overall RR with its 95% CI showed a statistically slight but significant association between pioglitazone use and risk of bladder cancer (Figure 2 , RR 1.14, 95% CI 1.03-1.26). There is no significant heterogeneity among these studies with Q=17.86, P=0.085, and I 2 =38.4%.
We also performed dose effect analysis of pioglitazone (Table 2) . We defined low dose as ≤8268 mg or ≤10500 mg or ≤14000 mg; moderate dose as 10501-28000 mg or 14001-40000 mg; high dose as >28000 mg or >40000 mg. Although there were not statistically significant results, the risk of bladder cancer showed a rising trend when the dose of pioglitazone increased (low dose, RR 1.12, 95% CI 0.95-1.33; moderate dose, RR 1.20, 95% CI 0.99-1.46; high dose, RR 1.29, 95% CI 0.75-2.22).
Sensitivity analysis
Sensitivity analyses of the pooled RRs were performed to test the stability of the pooled results. All of the integrated RRs were once again calculated by means of the random effects model. When omitting each study in the meta-analysis, the pooled RRs (Table S3 ) always remained stable.
Publication bias
There was no evidence indicating significant publication bias either with the Begg's test (P=1.0) or with the Egger's test (Figure 3, P=0.90 ).
Discussion
The finding of this meta-analysis of 12 studies indicates that pioglitazone is associated with a 14% increased risk of bladder cancer (95% CI 1.04-1.26). Quantified Q test and I 2 test were carried out to assess the extent of heterogeneity among the included studies. No statistically significant heterogeneity was found among the included studies (I 2 =38.4%, P=0.085). Our conclusion was convincing because a fixed model showed a similar result (RR 1.05, 95% CI 1.01-1.10) and our heterogeneity was not significant. In sensitivity analysis we found that heterogeneity largely decreased (I 2 =0, P=0.591) when excluding Levin et al's 19 study. This result may be due to the difference in methodology of Levin et al's paper. Unlike other cohort studies, Levin used a multi-population pooled cohort to assess the risk of bladder cancer and use of pioglitazone in patients with type 2 diabetes. This might be the origin of the heterogeneity. Although the result of two RCT studies providing high-level evidence showed a null association between pioglitazone and bladder cancer, it is still not convincing because a total of only 35 bladder cancer cases were reported in the intervention group. During our search process, another high-quality RCT study assessing risk of bladder cancer and pioglitazone in patients without diabetes was identified. 47 Similar to two other RCTs, 12 bladder cancer cases in the pioglitazone group were reported and 
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Yan et al no significant relationship was detected. In spite of its high quality, this study was excluded from the systematic review because the non-diabetic population did not fit our study goal. One important molecular signaling pathway involved in carcinogenesis concerns of pioglitazone intake and risk of bladder cancer. Pioglitazone is a member of TZDs, which are agonists of PPARγ. 48 The effects of PPARγ agonists on human bladder cell lines have continually demonstrated significantly decreased proliferation, increased differentiation and apoptosis, suggesting that PPARγ is involved in antitumor action. [49] [50] [51] However, recent research reported by Yang et al indicates that higher expression of PPARγ or its activation by agonist TZD can promote bladder cancer cell migration and invasion, 52 suggesting that different expression levels of PPARγ may induce different outcomes. In light of this point, pioglitazone, the PPARγ agonist, might cause higher expression of PPARγ which promotes the process of carcinogenesis. In the future, more basic experimental research should be conducted to further elucidate the possible molecular mechanism of pioglitazone intake and risk of bladder cancer.
Our results of dose effect support this molecular theory. Patients who used a higher dose of pioglitazone had an increased risk of bladder cancer, indicating that larger amounts of pioglitazone may cause higher expression of PPARγ which promotes the process of carcinogenesis.
Additionally, no evidence of significant publication bias was observed in the analyses either with the Begg's test or 
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Pioglitazone use in patients with diabetes and risk of bladder cancer
Egger's test. These results greatly improved the predictability and reliability of our meta-analysis.
Compared to other related meta-analyses, our metaanalysis evaluating the correlation between pioglitazone and risk of bladder cancer is more convincing because: a) a transparent and robust approach was taken to examine the evidence base, including adherence to PRISMA guidelines; b) we included the newest and the broadest studies, to the best of our knowledge, with rigid inclusion criteria restriction in which only RCTs and high-quality (NOS quality score >6) cohort studies or nested case-control studies were included. We did not include the other high-quality RCT by Kernan et al 47 because the study population excluded patients with type 2 diabetes, which did not fit our aim. One RCT had another quality assessment method 36 and was systematically reviewed rather than pooling with observational studies. A previous meta-analysis 33 simply pooled results of RCTs and observational studies which makes the conclusions unconvincing. c) Patients' outcomes were only recorded in reliable databases or using ICD codes. This approach ensured methodological rigor. d) We did not include case-control studies to avoid latent high selection and recall bias; e) previous meta-analyses 29, 30 did not exclude studies with duplicate populations. 9, 16, 22 Nevertheless, some limitations should be mentioned: a) we only pooled cohort studies and nested case-control studies without RCTs. Two RCTs, 26, 27 which provided convincing level 1 evidence, reported null association between pioglitazone use and bladder cancer, but there was only a total of 35 bladder cancer cases in the intervention group. More future RCT studies should be performed to provide more convincing evidence. b) Although no publication bias was found in our meta-analysis by either Egger's or Begg's test, the selection strategy of published studies and language limitation could bring about potential publication bias which may have affected our ultimate findings; c) the uncontrolled or unmeasured latent risk factors could have produced biases. We cannot rule out the possibility that remaining confounding factors could have affected the results. Recently, Lewis et al 54 reported that proteinuria testing could potentially cause unmeasured confounding in studies of pioglitazone and bladder cancer but most of the studies included in this metaanalysis 6,7,9,10,12-14 did not adjust for proteinuria testing. d) Although our heterogeneity was not significant, the results of our meta-analysis should be interpreted with caution because heterogeneity of our study was not unapparent (Q=17.86, P=0.085 and I 2 =38.4%). In conclusion, this meta-analysis indicated that pioglitazone is associated with an increased risk of bladder cancer. Despite some study limitations, we still suggest that doctors should carefully assess the overall risks and benefits of pioglitazone. Further research should be conducted to confirm our findings and clarify the potential biological mechanisms. 
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